NiCo 2 O 4 nanoparticles were successfully synthesized by a simple, fast and cost effective sucroseassisted combustion route, and followed by calcination treatment. When NiCo 2 O 4 nanoparticles were used as electrode materials for supercapacitors, the NiCo 2 O 4 electrodes delivered a high specific capacitance of 429.6 F g -1 at a current density of 1 A g -1 , remarkable capacitance retention rate of 74.30% at current density of 16 A g -1 compared with 1 A g -1 , and 88.54% retention after 4000 cycles. The as-prepared NiCo 2 O 4 nanoparticles hold promise for practical application of high-performance supercapacitors due to the facile and low cost effective synthesized method and superior electrochemical performances.
INTRODUCTION
Nowadays, the search for high-performance electrochemical energy storage devices have drawn significant attention due to the fossil-fuel crisis and increasing demand for renewable energy in the modern society [1] . As a kind of energy storage device, supercapacitors have its unique properties, such as fast charge-discharge rate, high power density and stable cycling performance. Generally, there are two type of storage energy mechanism for supercapacitors: one is fast surface redox reactions (pseudocapacitors); the other is ion adsorption (electrical double-layer capacitors, EDLCs) [2] . As is well known, the electrochemical performance of supercapacitors is largely determined by the properties of electrode materials. So, it is imperative to develop novel electrode materials with superior electrochemical performance but at low cost for the development of supercapacitors.
Potentially, pseudocapacitors can provide much higher capacitance values than EDLCs through Faradic reaction [3] . Up to now, transition metal oxides with variable valence have been widely used in pseudocapacitors, such as MnO 2 [4] , Co 3 O 4 [5] , MnCo 2 O 4 [6, 7] , NiCo 2 S 4 [8, 9] , etc. Many researchers focus on binary metal oxides. According to relevant literature [10, 11] , binary metal oxides may possess a higher electrochemical activity and higher electronic conductivity than those of monometallic oxides. NiCo 2 O 4 with spinel crystal structure is one of the typical representatives of binary transition metal oxides. So there are a lot of relevant reports of supercapacitors about NiCo 2 O 4 . For example, Q. Zheng [12] has reported that hierarchical porous NiCo 2 There are many advantages for sucrose-assisted combustion synthesis [15] . In this article, we demonstrate the design and synthesis of NiCo 2 O 4 nanoparticles via a sucrose-assisted combustion route followed by calcination treatment. To the best of our knowledge, the sucrose-assisted combustion method has rarely been reported to synthesize NiCo 2 O 4 nanoparticles. When used as an electrode for supercapacitor, the NiCo 2 O 4 nanoparticles exhibit a high specific capacitance, remarkable capacitance retention rate and excellent cycling stability, suggesting their promising application in supercapacitors.
EXPERIMENTAL

Synthesis of the NiCo 2 O 4 nanoparticles
All the materials were analytical reagent grade and used as received without any further purification in the experiments.
In a typical procedure, First, 1.164 g Co(NO 3 ) 2 6H 2 O (4m mol) and 0.582 g Ni(NO 3 ) 2 6H 2 O (2m mol) were dissolved in 6 mL of deionized water in the beaker. Second, 0.684g C 12 H 22 O 11 (2m mol) was added and were dissolved to form a mixed solution. Third, the beaker was put into furnace at 140 ℃ for 1 h. The loose powders of NiCo 2 O 4 were obtained after complete combustion. At last, they were calcined under air atmosphere at 350℃ for 6 h, resulting in NiCo 2 O 4 nanoparticles. Also, NiO and Co 3 O 4 were prepared via the same method.
Structure characterization
The morphology of NiCo 2 O 4 was characterized by FE-SEM. The crystal structure of NiCo 2 O 4 was examined by XRD. The Brunauer-Emmett-Teller (BET) specific surface area was obtained from the N 2 adsorption/desorption isotherm recorded at 77K.
Electrochemical measurements
The working electrodes were prepared according to our previous work [11] . The working electrode was prepared by mixing the PTFE binder, carbon black and the electroactive material (NiCo 2 O 4 nanoparticles) in a weight ratio of 5:10:85. A few drops of ethanol were added to the mixture to the mixture to achieve a homogeneous slurry. The slurry was pressed onto the nickel foam under 12 MPa, and dried at 60℃ for 6 h, which is named as NiCo 2 O 4 electrode.
Electrochemical measurements were performed in a solution of 6 M KOH aqueous electrolyte using a three-electrode cell. NiCo 2 O 4 electrode was used to make working electrodes. Hg/HgO electrodes and platinum foil were used as reference and counter electrodes, respectively. The comprehensive electrochemical performances were evaluated by characterizing their electrochemical impedance spectroscopy (EIS), galvanostatic charge/discharge (GCD) and cyclic voltammetry (CV). All the measurements were performed at room temperature.
RESULTS AND DISCUSSION
Formation mechanism of the NiCo 2 O 4
The typical process is based on the mixing of metal nitrates and an organic fuel. There are citric acid, sucrose and urea, etc. for common organic fuels. Among them, sucrose is cheap, available at industrial scale, nontoxic, and easy to store and manipulate at low temperatures. So, the sucroseassisted combustion synthesis is environmentally friendly and green method. The sucrose-assisted combustion synthesis is environmentally friendly and green method. According to the relevant literatures, the sucrose-assisted combustion synthesis is widely used to synthesize BiFeO 3 nanopowders [16, 17] [19] , etc.
Structure and surface morphology characterization
The crystal structure and phase information were obtained by XRD measurements. The crystalline size Dc was calculated by using the Scherrer equation [20, 21] , Dc=0.89/(cos), where, is the Bragg angel of the diffraction peak, is the full width at half-maximum corrected for instrumental broadening, and is the corrected wavelength of the X-radiation. Fig.2a shows the X-ray diffraction patterns of NiCo 2 O 4 calcined at 350℃. Obviously, it can be seen that the target compounds are well-crystallized, which can be discerned from the diffraction peaks. [12] . It also can be calculated that the average grain size of NiCo 2 O 4 by applying Scherrer's equation [20, 21] Detailed structural and morphological information was further investigated by FE-SEM. Fig.3 shows FESEM images of the NiCo 2 O 4 at 50000 and 100000 magnifications. Interestingly, it can be clearly observed that the as-synthesized NiCo 2 O 4 sample comprises highly uniform and well defined small particles. And, the as-prepared NiCo 2 O 4 possess average particles size in the range of ~22-28 nm, as shown in Fig.3 , which is consistent with the calculated results by applying Scherrer's equation. The unique spherical shaped particles may be due to the sucrose-assisted combustion. During this procedure, they emitted H 2 O, CO 2 and N 2 gases when the reactants were decomposed. The surface area was investigated using nitrogen adsorption and desorption isotherms. Fig.4 
Electrochemical measurements
Cyclic voltammetry (CV) has been performed to evaluate the electrochemical properties and quantify the specific capacitance of as-prepared NiCo 2 O 4 electrode. Fig.5a presents the cyclic voltammetry (CV) curves of the NiCo 2 O 4 electrode at different scan rates ranging from 5 to 50 mV s -1 .
Interestingly, it is found that the electrodes exhibit a pair of redox peak and different shapes (not rectangular shape) of charge-discharge curves, which clearly indicate the pseudo-capacitive characteristics derived from the redox Faradaic reaction. and NiO, as shown in Fig.5b . The results coincide with the relevant reporting literature [10, 11] . From the Fig.5b , we also find that the specific capacitances of NiCo 2 O 4 , Co 3 O 4 and NiO decrease as the scan rates increase. In fact, at low scan rates, the ions of the electrolyte have enough time to enter into active material. Therefore, increasing the scan rate caused a decrease in the total specific capacitance. Remarkably, about 81.13% of the specific capacitance of NiCo 2 O 4 can be retained for a 10-time increase in scan rate. However, about 70.65% of the specific capacitance of Co 3 O 4 can be retained, and about 65.99% of the specific capacitance of NiO can be retained. To further evaluate the comprehensive electrochemical performances, galvanostatic chargedischarge (GCD) measurement was also tested with the currents ranging from 1 to 16 A g -1 . Fig.6a shows the constant current charge-discharge profiles at different current densities. Obviously, it can be observed that symmetric, indicating the high columbic efficiency, reversible behavior, and ideal capacitor performance under various current densities. The nonlinear charge/discharge profiles further verified the pseudo-capacitance behavior. The specific capacitance is calculated from discharge time using the following formula:
where, (F g -1 ) is the specific capacitance, (A) is discharge current, (s) is the discharging time, (V) represents the potential drop during discharge process, and (g) is the mass of the active material in the electrode. The calculated specific capacitance as a function of the discharge current density is plotted in Fig.6b The EIS analysis is an important method for the supercapacitive performance investigation. The cycling stability is a prerequisite requirement for electrode materials. The cycling stability of NiCo 2 O 4 , Co 3 O 4 and NiO were performed by charge-discharge test at a current density of 1 A g -1 .
As shown in Fig.7b , the specific capacitance of electrode has a gradual increase in a few hundred cycles, and can reach a maximum value. Then it decreases slightly compared with the maximum value. The penetration of electrolyte ions and the gradual activation of the active materials may be responsible for the increase of the specific capacitance in the first several hundred cycles. 
CONCLUSIONS
In summary, we have successfully synthesized NiCo 2 O 4 nanoparticles by a simple, fast and cost effective sucrose-assisted combustion route followed by calcination treatment, and the capacitive behavior was successfully investigated in an alkaline electrolyte. The as-prepared NiCo 2 O 4 electrode displays a high specific capacitance of 429.6 F g -1 at a current density of 1 A g -1 , remarkable capacitance retention rate of 74.30% at current density of 16 A g -1 compared with 1 A g -1 , and excellent cycle stability (only 11.46% loss after 4000 cycles). It should not be ignored that the highly uniform and well defined small nanoparticles played very important roles in improving specific capacitance, power performance and cycle stability. Meanwhile, the present work displays the design of next generation of low-cost and ultrahigh performance binary metal oxide electrode materials prepared by facile method. Therefore, the as-prepared NiCo 2 O 4 nanoparticles hold promise for practical application of high-performance supercapacitors.
